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Thethermotropicandviscoelasticpropertiesandthestructureofthermoreversibleorganogelscomposed
ofenantiomericallypuretrans-1,2-bis(3-dodecylureido)cyclohexane(1)andprimaryalcohols,i.e.,propanol,
butanol,hexanol,andoctanol,havebeeninvestigatedbymelting-pointmeasurements,differentialscanning
calorimetry (DSC), rheology, and electron microscopy. The electron microscopic studies revealed that
gelation of these solvents occurred through the formation of an entangled network by 1. In all solvents,
thegelsbehaveasviscoelasticsolids,withG¢.G¢¢atfrequencies>0.01Hz(timescales<100s)andvalues
of G¢ up to 500 kPa (50 mM in propanol). The thixotropic character of the gels, however, indicates that
the network structure is dynamic at larger time scales. Although the structure of the gels in these solvents
is not significantly different, both the thermal stability and the strength of the gels depend on the solvent,
and they increase in the order octanol < hexanol < butanol < propanol. It was concluded that solvophobic
effects become important for the stabilization of gels of 1 in more polar solvents.
Introduction
Organogelators are small organic molecules that,
already at low concentrations, turn a liquid into a gel.1
Well-known gelling agents include, for instance, certain
cholesterol and anthracene derivatives,2 surfactants,3
porphyrins and phthalocyanines,4 carbohydrate5 and
peptide derivatives,6 and bis-urea compounds.7,8 The
enormousstructuraldiversityamongthesegellingagents,
together with the fact that structurally closely related
compoundsdonotexhibitanygelationability,hasmeant
that most studies on organogelators have focused on the
structuralaspectsofthegelationprocess.Acommontrait
among these molecules appeared to be that they self-
assemblethroughhighlyspecificnoncovalentinteractions
into long fibrous structures, which in turn form an
entangled network in the liquid. The presence of strong
self-complementary and unidirectional intermolecular
interactionshasthusclearlybeenidentifiedasamolecular
prerequisite for gelation ability,1 and this criterion has
beenusedforthedesignofnovelorganogelatorsbyseveral
groups, including ours.2d,5e-f,6c,7,8 However, many other
aspects of gelation phenomena by small organic gelling
agentsarestillpoorlyunderstood.Thisconcernsespecially
theviscoelasticpropertiesoforganogels,whichareinfact
among the most prominent characteristics of gel systems
ingeneral.Thesepropertieshaveledtomanyapplications
of gelling agents as rheology modifiers or structuring
agents in different areas ranging from oil recovery to
pharmaceutical products. Pioneering work in this area
has been done by Terech, who carefully characterized
different organogel systems by rheology.9 It was found
thatorganogelsbehaveeitherasviscoelasticliquidsoras
viscoelasticsolids,whichisduetotheformationofahighly
dynamic or a static network structure, respectively.
The bis-urea cyclohexane-based gelling agents such as
1 have recently been introduced, first by Hanabusa and
later also by our group (Scheme 1); they form thermor-
eversiblegelswithmanydifferentorganicsolventsalready
atlowconcentrations.7a,8bcThesenovelgellingagentshave
the distinct advantage that they are easy to synthesize
andthatmanystructuralvariationsofRareallowed,and
thereforetheyareexcellentmodelcompoundswithwhich
to study gelation phenomena in more detail. In addition
to the structure of the gelling agent, the gelation ability
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properties of the solvent. In particular, the relationship
betwee gel and solvent properties is even less understood
than the relationship between structure and gelation
capability. A suitable set of solvents with which to study
solventeffectsinmoredetailis,forinstance,ahomologous
series of alcohols. These offer a wide range of different
polarities, but all have the same functionality, acting as
bothhydrogen-bonddonorandacceptor.10Herewereport
on the thermotropic behavior and rheological properties
of gels of a cyclohexyl bis-urea gelling agent, i.e., enan-
tiomerically pure trans-1,2-bis(3-dodecylureido)cyclohex-
ane(1),inaseriesofprimaryalcohols.Wewilldiscussthe
results in relation to the structure of the gels and the
properties of the solvents.
Experimental Section
Preparation of the Gels. The organogelator (R,R)-1,2-bis-
(3-dodecyl-ureido)cyclohexane was prepared as described pre-
viously.8c The solvents 1-propanol, 1-butanol, 1-hexanol, and
1-octanol were of analytical grade and were used as received.
Forthepreparationofthegels,thesolventandtheorganogelator
(0.5-5 w/v %) were heated in a closed vial until a clear solution
wasobtained.Whenthesolutionhadcooledtoroomtemperature,
a gel was formed.
Electron Microscopy. For electron microscopy, a piece of
the gel was deposited on a Formvar/carbon-coated copper grid
(400mesh)andremovedafter1min,leavingsomesmallpatches
of the gel on the grid. After being dried at low pressure (<10-5
Torr), the specimen was shadowed at an angle of 45° with
platinum. The specimen was examined in a JEOL 1200 EX
transmissionelectronmicroscopeoperatingat80kV.Instudying
the specimen, we first searched for patches of the gel to be sure
thattheobservedstructuresoriginatefromit.Micrographswere
takenfromstructuresattheperipheryofthegelpatches,because
herethefibersaredepositedinalayerthinenoughtobeobserved
by transmission electron microscopy.
Gel Melting Temperatures. For the dropping-ball experi-
ments,11 gels with a volume of 1 mL were prepared in vials with
a diameter of 10 mm. After the gel had aged for at least 12 h at
0°C,asteelballwithadiameterof3mm(ca.110mg)wasplaced
on top of the gel, and the vial containing the gel was placed in
anoilbath.Thetemperatureoftheoilbathwasslowlyincreased
(0.3-0.5 °C/min) while observing the position of the steel ball.
Thetemperatureatwhichtheballtouchedthebottomofthevial
was taken as the melting temperature. The dropping-ball
experiments were carried out at least twice, and the melting
temperatures thus obtained were reproducible to within (1 °C.
Differential scanning calorimetry. Differential scanning
calorimetry (DSC) was carried out on a Perkin-Elmer DSC7.
The bis-urea gelator (0.50 mg) and solvent (40 íL) were placed
i na6 0íL stainless steel sample cup which was directly sealed.
The sample cup was placed in the DSC apparatus together with
an empty sample cup as reference. The cups were heated for 15
min at 100 °C, cooled at a rate of 5 °C/min to -10 °C, and aged
for 15 min at this temperature. Heating and cooling scans were
then recorded from -10 °C to 100 °C at a scan rate of 5 °C/min.
Repeated heating and cooling scans of the same and of different
samplepreparationswerehighlyreproducible,andhighercooling
rates or prolonged aging times (up to 20 h) did not affect the
results.
Rheological Characterization. Rheological characteriza-
tionwasperformedusingacontrolledstressrheometer(Carrimed
CSL500) equipped with a concentric cylinder measuring cell
(dimensions: rinner ) 13.83 mm, router ) 15.00 mm, and height
) 32 mm). The measuring cell was connected to a water bath for
control of the sample temperature ((0.1 °C). A hot solution of
thebis-ureacompoundwaspouredintothemeasuringcellofthe
rheometer and cooled to 20 °C in ca. 5 min. Subsequent gelation
of the solution was followed by measuring dynamic moduli (G¢
andG¢¢)asafunctionoftime.Thedynamicmoduliwereobtained
from small-amplitude oscillatory measurements. The measure-
ments were made at 1 Hz frequency and a stress amplitude of
ó0 ) 10-100 Pa (within the linear regime). The evolution of G¢
and G¢¢ was followed for ca. 10 h, after which G¢ and G¢¢ were
measured as a function of oscillation frequency. The frequency
was changed from 0.1 to 4 Hz in 20 min. Subsequently, G¢ and
G¢¢ were measured as a function of stress amplitude. The
amplitude was changed from 0 to 275 Pa in 20 min. In addition
to oscillatory measurements, steady-shear viscosity measure-
ments were performed. These measurements were made on
solutions of the bis-urea gelling agent before gelation had
occurred. Viscosity was measured at various shear rates (5, 10,
25, and 100 s-1). All measurements were performed at 20 ( 0.1
°C.
GellingTime.Todeterminethegellingtimeagelwasheated
to 60 °C in a water bath until the gel had melted and a constant
temperature had been reached. The sample was then taken out
ofthewaterbathandallowedtocooltoroomtemperatureinair,
and inspected for gelation every 15-30 s by slightly turning the
vial.Whenthemeniscusnolongermovedanymoreuponturning
ofthevial,gelationwasconsideredtohaveoccurred.Thegelling
time, tgel, was taken as the time elapsed between gelation and
removal of the sample from the water bath.
Results and Discussion
StructureoftheGels.Bis-ureagelator1formsstable
gels with a variety of alcohols, including 1-propanol,
1-butanol, 1-hexanol, and 1-octanol, when present at a
concentration between approximately 0.5 and 5 (w/v) %.
Inthesesolventsthegelsareopticallytransparentatlow
concentrations of the gelling agent, but at higher con-
centrationstheybecometurbid.Lightmicroscopyrevealed
that the gels are birefringent, which is indicative of the
presenceofwell-orderedstructures,butfurtherstructural
details were not observed.
Figure 1 shows the electron micrographs of gels of 1 in
various primary alcohols. From these micrographs it is
clearthatinthesesolventsthegellingagentisaggregated
into elongated fibers, which form an entangled network,
thereby immobilizing the liquid. Most of the fibers are
tenthsofmicrometerslong,withdiametersupto100nm.
It can be clearly seen that the thicker fibers are built up
from thinner ones, and that the smallest resolved entity
amounts to 15-20 nm, which is an order of magnitude
larger than the molecular dimensions of 1. In all solvents
employed in this study, many of the fibers are twisted to
form left-handed helices. The pitch of the helices is,
however,notregular,indicatingthattwistingresultsfrom
anisotropy of the interfacial energy rather than a helical
packing at the molecular level.8c,12 At irregular intervals
the fibers fuse and split, leading to the formation of
junction zones, which stabilize the three-dimensional
entangled network structure. The electron micrographs
of Figure 1 do not reveal clear differences in fiber
dimensions and network structures for gels of 1-butanol,
1-hexanol,and1-octanol.Forgelsin1-propanol,however,
the typical fiber length is 1-5 ím, which is significantly
(10) Reichardt,C.SolventsandSolventEffectsinOrganicChemistry,
2nd ed.; VCH: Weinheim, Germany, 1988.
(11) Tan,H.M.;Moet,A.;Hiltner,A.;Baer,E.Macromolecules1983,
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Scheme 1
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tend to be more aggregated than in the other solvents.
Thermotropic Behavior. Gels of 1 are readily ob-
tained upon cooling of an isotropic solution of 1 to room
temperature. Upon heating, the gel melts to again form
an isotropic liquid. This process can be repeated many
times, indicating that gel formation is completely ther-
moreversible. The thermotropic behavior of the gels was
studied by the dropping-ball method11 and by DSC. In a
dropping-ballexperimentthegelsareslowlyheatedwhile
thepositionofasmallsteelballontopofthemisobserved;
this continues until, at a certain temperature, the gel no
longerbearstheball.Forgelsof1intheprimaryalcohols
studied here, a gradual lowering of the ball over a
temperature trajectory of 5 to 10 °C was observed;
therefore, the temperature at which the ball reaches the
bottomofthevialistakenasthegel-solphasetransition
temperature (Tg). We found that the reproducibility of
the melting temperatures is better than 1 °C if heating
of the gel is sufficiently slow, i.e., <2 °C/min. Because
preliminary experiments revealed that the melting tem-
peraturesareratherclosetoroomtemperature,especially
for the lower concentrations, the gels were aged at 0 °C
and measurements were started at this temperature.
Furthermore, it was observed that the melting temper-
aturesinitiallyincreasedwithagingofthegels,untilafter
several hours a constant melting temperature was ob-
tained. Apparently, gelation of alcohols by 1 is a rather
slow process and can take up to several hours, especially
atlowerconcentrations.Rheologyexperiments(videinfra)
revealed that even for the lowest concentrations, the
gelation process is complete after 12 h, and therefore gels
were aged for at least that long before their melting
temperaturesweremeasured.Itshouldbenotedthatthe
aging period required to obtain a constant melting
temperature depends on the concentration and on the
temperature; however, this aspect was not studied in
detail. The final melting temperature, however, did not
dependontheagingtemperatureprovidedthattheaging
period had been long enough.
Phase diagrams of gels of 1 in the various alcohols are
easily obtained from the concentration dependence of the
gel-sol phase transition temperatures (Tg) (Figure 2). A
qualitative interpretation of the phase diagrams shows
that the thermal stability of 1-octanol and 1-butanol gels
of1iscomparable,whereasthe1-hexanolgelsareslightly
less stable. The thermally most stable gels are obtained
with 1-propanol as the solvent.
For both polymer gels13 and organogels,14,1515 the
concentrationdependenceofthegel-solphasetransition
temperature has often been analyzed by means of the
van’t Hoff relationship.16,17 If it is assumed that the gel-
sol transition is a reversible process and that the equi-
librium constant of this process is linearly proportional
to the critical gelation concentration, the van’t Hoff
relationship yields the enthalpy of the gel-sol phase
transition according to eq 1.
Although previously no satisfying correlation was
obtainedforgelsof1with,forinstance,aromaticsolvents,8c
the concentration dependence of the gel-sol phase-
(13) Eldridge, J. E.; Ferry, J. D. J. Phys. Chem. 1954, 58, 992-995.
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P.; de Geyer, A.; Rivera, D. J. Chem. Soc., Faraday Trans. 1998, 94,
2173-2179.
(16) Atkins, P. W. Physical Chemistry 2nd ed.; Oxford University
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Figure 1. Transmission electron micrographs of gels of 1 in
1-propanol (a), 1-butanol (b), 1-hexanol (c), and 1-octanol (d).
The concentration of 1 is in all cases 9 mM, and gels are aged
for 16 h at 20 °C. The bar is 500 nm.
Figure 2. Binary phase diagrams of 1 with various primary
alcohols(a)andthecorrespondingvan’tHoffplotsofthemelting
transition of the gels (b).
d ln(Cg)
d(1/Tg)
)-
¢Hg
R
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alcohols studied here could very well be described by the
van’t Hoff relationship (Figure 2b). The resulting enthal-
piesaresummarizedinTable1,togetherwiththecritical
gelationconcentrationsatroomtemperature.Thevalues
of ¢Hg and Tg in Table 1 reveal that gels of 1 in octanol,
hexanol, and butanol are equally stable. However, the
thermal stability of propanol gels is significantly better,
which is reflected in both a higher ¢Hg and a higher Tg.
Thedifferencesinthecriticalgelationconcentrations,Cg,
at room temperature are more pronounced, and follow
the trend hexanol > octanol  butanol > propanol.
Figure 3 shows the heating scans for gels of 1 with the
variousalcoholsasmeasuredbyDSC.Foroctanol,hexanol,
and butanol gels, a single but very broad endothermic
transition was observed during heating, indicating that
this is a less cooperative transition. Also, for propanol
gels, a broad endothermic transition was obtained, but
forthissolventanadditionalsmallendothermictransition
at 45 °C was observed. The origin of this latter transition
is not clear.18
Itisimportanttonotethatthegel-solphase-transition
temperature,Tg,asobtainedbythedropping-ballmethod
does not correlate to either the onset, maximum, or end
ofthetransitionasobservedbyDSC.Themaintransition
starts well below the gel-sol transition temperature, Tg,
but also continues to temperatures higher than Tg (Table
1). Most likely by means of DSC, the complete transition
fromaheterogeneousgelstatetoahomogeneoussolution
is observed, in analogy to the melting transition of
molecular crystals in equilibrium with a saturated solu-
tion.16 The gel-sol phase transition temperature, Tg,o n
the other hand, is most likely the temperature at which
the number density of fibers drops below the critical
density for network formation.13,19 For this same reason
it also is not possible to directly compare ¢Hg and ¢Hm,
obtained from the dropping-ball and DSC experiments,
respectively.
Whereas Tg clearly depends on the aging time, it was
observed that the shape of the DSC melting transition is
notsignificantlyinfluencedbyaging,andthattheenthalpy
ofthetransitiondoesnotincreasebymorethan10%after
aging for 15 h at -10 °C. Apparently, aging has a less
pronounced effect on the melting transition than on the
gel-sol transition temperatures, Tg. On the other hand,
the differences between gels of 1 in the different solvents
are much more evident, and most markedly, both the
maximum temperature of the transition (Tm) and the
enthalpy, ¢Hm, consistently increase with increasing
polarity of the solvent.
Rheological Properties of the Gels. The gelation of
alcohols by 1 is caused by the self-assembly of 1 into an
entangled network structure. Because the dynamics and
strength of the network structure determine the vis-
coelastic properties, the alcohol gels of 1 that were the
subject of this study were further characterized by
rheology.
In a first series of experiments, gel formation was
followed by measuring the dynamic moduli (G¢ and G¢¢)
asafunctionoftime.Asanexample,Figure4showsresults
obtained for a 19 mM solution of 1 in 1-hexanol. Initially,
G¢ and G¢¢ are very small quantities (, 1 Pa), indicating
that the system behaves as a viscous liquid. After a lag
time (ca. 1 h), G¢ starts to increase rapidly with time and
becomes much larger than G¢¢, indicating the formation
ofanetworkstructure.Afterseveralhoursaplateauregion
develops, where both components of the modulus become
constant or increase very slowly with time.
Figure 5 shows the variation of the plateau value G¥
withgelatorconcentrationcforvariousprimaryalcohols.
As expected, G¥ increases with increasing gelator con-
centration.TheplateauvalueG¥alsodependsonthetype
of alcohol used, and at a fixed gelator concentration, G¥
(17) A rigorous application of the van’t Hoff law would involve the
use of activity coefficients to describe nonideal behavior of the solvent.
This requires, however, the melting temperature and enthalpy of the
pure substance, which could not be obtained because of thermal
decompositionof1uponmelting.Seealso,forinstance,Williams-Seton,
L.; Davey, R. J.; Lieberman, H. F. J. Am. Chem. Soc. 1999, 121, 4563-
4567.
(18) The minor transition at 45 °C was reproducibly observed for
different sample preparations and scanning history. In addition,
although we took every precaution to exclude sample heterogeneity, it
cannot be excluded as a possible cause because of the intrinsically
heterogenic nature of organogels. (19) Philipse, A. P.; Wieringa, A. M. Langmuir 1998, 14,4 9 -54.
Table 1. Summary of Thermotropic Properties of Gels of
1 with Primary Alcoholsa
solvent Tg
b Cg(20)c ¢Hg Ton
d Tmax
d Tend
d ¢Hm
d
propanol 39 2.8 ( 0.5 78 ( 22 0 3 9 5 05 6 ( 2
butanol 34 4.5 ( 0.5 72 ( 21 5 3 7 4 35 0 ( 2
hexanol 32 5.7 ( 0.5 70 ( 41 1 3 3 3 94 9 ( 2
octanol 34 4.3 ( 0.5 73 ( 21 1 3 1 3 74 2 ( 2
a All temperatures and enthalpies are given in °C and kJ/mol,
respectively. b Tgataconcentrationof19mM. c Cg(20)isthecritical
gelation concentration (in mM) at 20 °C, calculated by using eq 1.
d At an average concentration of 25 mM (for exact concentrations,
seeFigure3).Ton,Tmax,andTendarethetemperaturesoftheonset,
maximum, and end, respectively, of the endothermic transition
measured by DSC.
Figure 3. Differential scanning calorimetry (heating scans)
of gels of 1 with 1-propanol (A, [1] ) 22.8 mM), 1-butanol (B,
[1] ) 24.5 mM), 1-hexanol (C, [1] ) 25.4 mM), and 1-octanol
(D, [1] ) 25.6 mM). Heating rate was 5 °C/min.
Figure 4. Variation of G¢ (9) and G¢¢ (b) with gelation time
for a 19 mM bis-urea solution in 1-hexanol. Stress amplitude
ó0 ) 50 Pa.
9252 Langmuir, Vol. 16, No. 24, 2000 Brinksma et al.increases in the order 1-octanol < 1-hexanol < 1-butanol
< 1-propanol. Apparently, the solvent dependency of the
elastic modulus follows the same order as the thermal
stability. The variation of G¥ with gelator concentration
could be described by a power-law expression of the form
G¥  (c - c0)p. The minimum gelator concentration, c0,a t
which gelation is observed is 6.5-8.5 mM, depending on
the type of alcohol used. Figure 5 shows best fits of this
expression to the experimental data, with c0 ) 8.5 mM
andp)1.6(1-octanol),c0)8.5mMandp)2.0(1-hexanol),
c0 ) 8.5 mM and p ) 1.8 (1-butanol), and c0 ) 6.5 mM and
p)2.1(1-propanol).Theminimumgelationconcentrations
thus determined are in good agreement with the values
obtained from the dropping-ball experiments.
In general, dynamic moduli depend on the frequency
(time scale) of the measurement. The observed frequency
dependence may give insight into the relaxation and
lifetime of the bonds between the particles forming a
network. If the bonds have a permanent character, only
a small frequency dependence is expected and G¢ > G¢¢ at
all frequencies. On the other hand, if the bonds have a
temporarycharacter,asignificantfrequencydependence
can be observed, with G¢ < G¢¢ at low frequencies and G¢
>G¢¢athighfrequencies.9,20Figure6showsthefrequency
response of a bis-urea gel in 1-hexanol (10 h after
preparation).Asisseenfromthefigure,themodulidonot
dependstronglyonoscillationfrequencyinthefrequency
range tested (0.1-4 Hz), and G¢ . G¢¢ at all frequencies.
Thefrequencyresponseistypicalforgelswithpermanent
bonds, and has been observed for, e.g., organogels of a
benzhydroxamic acid derivative21 and cyclohexanol de-
rivatives.15Similarresultswereobtainedforgelsof1with
the other primary alcohols studied in this paper.
Dynamic moduli were measured as a function of stress
amplitude to determine the linear regime of a 19 mM
bis-urea gel in 1-hexanol (i.e., the regime where G¢ and
G¢¢ are independent of the stress amplitude and reflect
the properties of the unperturbed network). It was
observedthatthemodulusofthegelisalmostindependent
of the applied stress up to ca. 100 Pa (corresponding to a
deformationç=0.004).Athigherstressesasharpdecrease
of G¢ is observed, which is attributed to (partial) breakup
ofthegelnetworkstructure.Unfortunately,theoccurrence
of slip between the sample surface and the wall of the
measurement cell could not be excluded at these higher
stresses. It is not possible, therefore, to determine the
fracturestressofthegel(i.e.,thestressatwhichG¢)G¢¢)
in a reliable way.
Outside the linear regime, mechanical stresses cause
damage to the gel network structure. Some recovery of
gel structure may take place after the shear stress is
removed.Todeterminetheextentandrateoftherecovery
process,weperformedthefollowingexperiment.Bis-urea
gels were grown in a beaker (50 mL) and aged for ca. 24
h. The gel structure was then disrupted by stirring with
a spatula. Stirring continued until a liquid (pourable)
dispersion of submillimeter particles was obtained. The
dispersion was poured into the measuring cell of the
rheometer, and G¢ was measured as a function of time.
Even for a gel of 1 in 1-hexanol at a concentration as low
as 19 mM, a fast initial increase of G¢ was observed, and
an equilibrium value was reached after approximately 1
h.TheequilibriumvalueofG¢(40kPa)isapproximately
equaltotheplateauvalueoftheundisturbedbis-ureagel
in1-hexanolatthesamegelatorconcentration(seeFigure
5).Apparently,thelossofgelstructureishighlyreversible.
Thisreversibilityisanimportantpropertywhenbis-urea
compounds are used as gelling agents in industrial
applications.
It is interesting to note that in all cases, the gelation
of alcohols by 1 is characterized by an induction time, t0.
Withthedynamicmodulusexperimentsthetemperature
equilibration is, however, too slow to allow a reliable
measurementoftheinductiontimesfromthedatashown
inFigure4.Inanalternativeexperiment,thegellingtimes,
tgel, were determined, i.e., the time at which solution no
longer flowed after being cooled to room temperature.
These gelling times can easily be determined by visual
inspectionofgellingsolutions.Figure7showsthevariation
of the gelling time, tgel, with the inverse gelator concen-
trationforvariousprimaryalcohols.Alinearrelationship
isseentoexistbetween1/tgelandtheconcentration.From
the results shown in Figure 7, it is clear that the gelling
time is dependent on the type of alcohol used. At fixed
gelator concentration, gelling times decrease in the order
1-octanol > 1-hexanol > 1-butanol > 1-propanol.
Another problem associated with studying the early
stages of gel formation by rheology (dynamic modulus
measurements) is that directly after preparation of a bis-
urea solution, G¢ and G¢¢ are very small quantities (,1
Pa) and cannot be measured reliably with the equipment
used. To characterize the rheological properties of the
system before gelation (i.e., at t < tgel), steady-shear
viscosity measurements are performed. Figure 8 shows
(20) Ross-Murphy, S. B. Food Hydrocolloids 1987, 1, 485-495.
(21) Terech, P.; Coutin, A.; Giroud-Godquin, A. M. J. Phys. Chem.
B 1997, 101, 6810-6818.
Figure 5. Variation of G¥ with bis-urea concentration in
1-octanol (9), 1-hexanol (b), 1-butanol (2) and 1-propanol ([).
Drawn lines are best fits to G¥  (c-c0)p.
Figure 6. Variation of G¢ (9) and G¢¢ (b) with oscillation
frequency for a 19 mM bis-urea gel in 1-hexanol. Stress
amplitude ó0 ) 50 Pa.
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solution in 1-hexanol at various (constant) shear rates.
Immediately after the solution is prepared, viscosity is
equaltothatofthepurealcohol(è5mPa.s).Theviscosity
increases with time as a result of aggregation of bis-urea
molecules into fiberlike structures during the first stage
ofthegelationprocess.Interestingly,theviscosityincrease
is faster at higher shear rates. The shear rates applied in
the measurement are too low to affect the aggregation
behavior of the individual bis-urea molecules (i.e., Peclet
numbers are less than unity).22 To explain the effect on
viscosity,weassumethatshearpromotestheaggregation
ofbis-ureafibersintolargerstructures.Itisexpectedthat
the aggregation of fibers is promoted only in the initial
stageoftheprocess.Whentheaggregatesbecometoolarge,
shear forces will prevent further growth and inhibit the
formation of a gel.
Conclusions
The bis-urea gelling agent 1 forms thermoreversible
gelswithvariousprimaryalcohols.7a,8cElectronmicroscopy
studies have shown that gel formation is due to aggrega-
tion of 1 into long fibers, which in turn associate to form
an entangled network structure. The gel properties were
further investigated by rheology measurements. The
experiments show that with these alcohols, bis-urea
compound 1 forms fairly rigid gels up to concentrations
ofatleast50mM.Therheologyexperimentsfurtherreveal
that for all solvents investigated, the gels behave as
viscoelastic solids, which is due to the static nature of the
networkstructureonthetimescaleoftheseexperiments,
i.e., less than 100 s. In this regard it is remarkable that
the gel state is spontaneously restored after being
disrupted to a viscous fluid by mechanical agitation. The
thixotropic behavior can most likely be attributed to a
much more dynamic character of the gel network on the
significantly larger time scale of these particular experi-
ments, i.e., ranging from minutes to hours.
Interesting observations were made with regard to the
solvent dependency of both the thermotropic and the
rheologicalpropertiesofgelsof1.Fromthephasediagrams
of the gel systems and the DSC experiments, it is clear
that the thermal stability of gels of 1 increases in the
order 1-octanol < 1-hexanol < 1 butanol < 1-propanol,
nicelycorrespondingtoincreasingpolarityofthesolvent.
This result is counterintuitive because we expected
hydrogen-bond formation between urea groups to be the
primarydrivingforceforaggregation,andhenceadecrease
inthethermalstabilityofgelsof1withincreasingsolvent
polarity.Thiswasindeedthecasewhenwecomparedthe
thermal stability in DMSO and p-xylene, and moreover,
wealsoobservedthatcyclohexyl-basedbis-ureasinwhich
the linear dodecyl chain is replaced by a branched alkyl
chain did not gelate ethanol or even 2-propanol.8c Ap-
parently, for aggregation of 1 in more polar solvents,
solvophobicinteractionsbecomedominantoverhydrogen-
bonding interactions, which can be attributed to the
presence of the two dodecyl chains in 1.
The solvent dependence of the rheological properties
follows the same trend, i.e., the stability and strengths of
thegelsincreasewiththesolventpolarity.Thesedifferent
rheological properties of the gels could originate from
differentnetworkmorphologiesorfromdifferentstrengths
of intermolecular interactions at the junction zones, or
from a combination of both. Although it was shown
previously that the solvent can have a pronounced
influence on the morphology,8 the electron micrographs
did not show significant differences in the morphology of
gels of 1 with the primary alcohols studied here. It is
thereforetemptingtoassumethattheincreasednetwork
stability and strength in more polar solvents is due at
least partly to increased strength of the junction zones in
more polar solvents, and hence, that these junction zones
are most likely stabilized by solvophobic forces. This
conclusion is consistent with the model for the molecular
arrangement of 1 previously proposed.8c In this model,
the urea moieties form a hydrogen-bonded network
parallel to the long fiber axis, and the cyclohexyl groups
and aliphatic chains are exposed at the fiber-solvent
interface. In this model, two or more fibers can join to
form a junction zone which then is not only stabilized by
vanderWaalsinteractionsbetweenthehydrophobicfiber
surfaces, but is also partly driven by liberation of polar
solvent molecules from these surfaces.
Although the kinetics of the gelation process was not
studiedindetail,somepreliminaryconclusionscanalready
been drawn from these first results. The dropping-ball
experiments, the gelation times, and the rheology experi-
ments all clearly showed that the gelation of the primary
alcohols by 1 is rather slow process which can take more
than hours, and which furthermore is characterized by
an induction time. Gelation by 1 is probably a multistep
process. A tentative mechanism would be that in a first
step the urea molecules aggregate into small, thin fibers,
causing an initial increase in the viscosity. In the second
step, the small fibrous aggregates combine to form a
networkstructureinthesolvent,therebycausinggelation
(22) For example: van de Ven, T. G. M. Colloidal Hydrodynamics;
Academic Press: London, 1989.
Figure 7. Variation of gelling time, tgel, with bis-urea
concentrationin1-octanol(9),1-hexanol(b),1-butanol(2)and
1-propanol ([). Gelling times were determined by visual
inspection of gelling solutions.
Figure 8. Viscosity ofa9m Mbis-urea solution in 1-hexanol
as a function of time. Shear rate: 5 s-1 (9), 15 s-1 (b), 25 s-1
(2) and 100 s-1 ([).
9254 Langmuir, Vol. 16, No. 24, 2000 Brinksma et al.of the liquid. Again, the rate of gelation shows the same
dependenceonthepolarityofthesolventaswasfoundfor
the thermal and mechanical stability of the gels, i.e., it
increases with increasing solvent polarity. This depen-
dence can be explained by assuming that the primary
aggregation process has much in common with the
crystallization of solids from solution, which involves
nucleationastherate-limitingstep.Inthesystemsstudied
here, the solubility of 1 decreases with increasing solvent
polarity. Hence, the supersaturation will increase and
therefore, so will the rate of nucleation.
In conclusion, by combining thermotropic and rheo-
logical studies on organogels of bis-urea compound 1,w e
haveobtainednewinsightsintotherelationshipbetween
thethermotropicandviscoelasticpropertiesofthegeland
the properties of the solvent. Comparison of the gel
properties in closely related solvents such as the alcohols
studied here has made it clear that even with strongly
hydrogen-bonding gelling agents, such as the bis-urea
compound studied here, solvophobic interactions can be
dominant in more polar solvents. Solvophobic effects are
also known to play a role in very apolar solvents, i.e.,
hydrocarbons gelated by perfluorocarbon-hydrocarbon
block compounds,23 and are probably of primary impor-
tance in many other gel systems as well.
Acknowledgment. This research was supported by
the“StichtingTechnischeWetenschappen”(STW)andthe
Dutch Foundation for Scientific Research (NWO). The
researchofDr.J.vanEschhasbeenmadepossibleinpart
by a fellowship from the Royal Netherlands Academy of
Sciences (KNAW). The authors also wish to thank Prof.
Dr.A.BrissonandMr.J.vanBreemenoftheBiophysical
Chemistry Department of Solid State Physics for their
assistance with the electron microscopy experiments.
LA000839S
(23) Twieg, R. J.; Russell, T. P.; Siemens, R.; Rabolt, J. F. Macro-
molecules 1985, 18, 1361-1362.
Bis-Urea-Based Organogels in Primary Alcohols Langmuir, Vol. 16, No. 24, 2000 9255